Summary
Tourette's syndrome (TS) is a neurodevelopmental disorder characterized by the presence of chronic vocal and motor tics. Tics are sudden, highly stereotyped, movements that can be simple or complex in appearance. Since patients with TS have difficulties preventing unwanted movements, one might expect that their ability to voluntarily control goal-directed movements would be similarly poor. Indeed, it has been suggested that TS sufferers are impaired at inhibiting reflexively triggered movements and in rapidly selecting or switching between different motor sets [1] . This idea is consistent with current views on the neurological basis of TS that posit a dysfunction of the neural circuits linking the frontal lobes and the striatum [2] . These circuits are known to be involved in the voluntary control of action [3, 4] . By using an oculomotor switching task, we show for the first time that young people with TS exhibit paradoxically greater levels of cognitive control over their movements than their age-matched controls. This finding is consistent with an increased need to monitor and control movements and may indicate a subcortical locus for the triggering of tics. It also suggests that the constant need to suppress tics could have resulted in an enhancement of the executive processes involved in inhibitory control.
Results and Discussion
The ability to voluntarily switch between two or more task or response sets is an important everyday skill. Functional brain-imaging studies indicate that switching between task sets is associated with the activation of a network of brain areas that include the inferior frontal and anterior cingulate cortices and the basal ganglia [5, 6] . Laboratory studies of task switching have repeatedly demonstrated that shifting between tasks is associated with a large decline in performance, often referred to as a ''switch cost'' [7, 8] . While switch costs are observed even when the occurrence of a change of task is entirely predictable and individuals have sufficient time to prepare for the change [7] , it is nevertheless true that the switch costs can be substantially reduced if a change in task can be anticipated. However, basal ganglia dysfunction (e.g., Parkinson's disease) has been previously associated with a reduced ability to make use of advance information to prepare a response in advance of an imperative stimulus [9] . We hypothesized therefore that TS individuals might be impaired on a task-switching paradigm that involved high levels of cognitive control, appropriate use of advance information, and the suppression of prepotent responses.
To assess the ability of TS sufferers to repeatedly switch between alternate modes of responding (i.e., response set switching), we designed an oculomotor task that involved asymmetric levels of cognitive control but minimal learning or memory requirements ( Figure 1 ). Individuals were required to repeatedly and predictably switch between executing prosaccade movements to visually defined targets (a highly automatic response) and antisaccade movements to the same visual stimuli (a task that requires high levels of cognitive control and the active suppression of the more automatic prosaccade response).
Specifically, as the prepotent or habitual response to a visual transient is to look toward it, prosaccades are believed to be generated automatically. In contrast, looking in the opposite direction to a visual transient is thought to involve high levels of voluntary control and may involve the active inhibition or suppression of a prosaccade toward the visual target. Note that while previous studies have examined ocular movements in TS [10] , the focus of these studies has been on understanding movement control rather than the dynamic processes required to shift between different types of movement; the effect of switching between tasks has not been explicitly examined.
We predicted that switch costs (switch trials minus repetition trials) would be greatest when there is insufficient time to prepare for a change of task, and we examined the effects of preparation time on task performance by explicitly precuing the task on the next trial (i.e., prosaccade or antisaccade) and by providing two levels of precue interval (200 ms and 1000 ms).
A group of young people with TS (DSM-IV, n = 9, mean age 13.1 6 2.5 years) and a group of age-matched, neurologically normal, individuals (n = 19, mean age 13.3 6 2.6 years) were recruited to participate in this investigation. The IQ of both groups was assessed by two subtests (vocabulary and matrix reasoning) of the Wechsler Abbreviated Scale of Intelligence [12] . The TS group had a normal level of IQ (98 6 9.12); however, this was in fact lower than the control group, who were above the norm (111 6 10.6). This difference is statistically significant (t(26) = 23.13, p < .05). The study was approved by the North Nottingham Health Care Trust, and written consent was obtained from all participants and their adult carers. Importantly, as the presence of comorbid ADHD increases antisaccade (directional) errors in TS [11] , participants who had a clinical diagnosis of ADHD were excluded from the sample. The healthy control *Correspondence: georgina.jackson@nottingham.ac.uk sample was also screened for ADHD [13] . See Table 1 for a description of the clinical sample.
Participants were required to alternate between executing prosaccades or antisaccades to visual targets. The requirement to look toward a target (prosaccade task) or away from the target (antisaccade task) was varied after every two trials in a predictable fashion [7] . In addition, participants were instructed on the nature of each upcoming trial by a precue presented 200 ms or 1000 ms prior to target appearance. This precue consisted of a colored border (red or green, 0.1º in width) around the edges of the screen (1º away from screen edge). The visual target consisted of a filled white box (1º square) on a black background that was presented randomly either on the left or right (8º) of a central fixation point for 1500 ms.
Preliminary statistical analyses confirmed that the TS and control groups were each slower to initiate antisaccades compared to prosaccades (F 1,22 = 4.5, p < 0.05), and both groups made a greater number of errors on antisaccade trials than on prosaccade trials (F 1,22 = 13.3, p < 0.01). Note that such errors were most often corrected, with participants initially looking in the incorrect direction before changing the direction of their gaze. As the effect of the type of trial (prosaccade versus antisaccade) was similar for the TS and control groups and the trial type by group interaction effect was not significant (p > 0.1), data from prosaccade and antisaccade trials were collapsed to produce two overall measures of mean error and mean response times (RT). Mean errors for switch and nonswitch trials at each cue-target interval are presented in Figure 2A . Mean RT for correct trials are presented in Figure 2B .
Analyses of error data demonstrates that both groups benefit from the provision of advanced information and longer preparation time, producing significantly fewer errors at longer (1000 ms) cue-target intervals than at short (200 ms) intervals (p < 0.001). Both groups also make significantly more errors on switch trials than on nonswitch (repeat) trials (p < 0.001). Importantly, this During a prosaccade trial, which was precued by a green border around the edges of the screen, an eye movement was required toward the target box appearing on either the left or right side. During an antisaccade trial, which was precued by a red border, an eye movement had to be made into the opposite direction to the target. Precue intervals were 200 ms or 1000 ms, presented in blocks (104 trials per block). The tics observed in TS are intermittent. Both multiple tics and one or more vocal tics must be present at some time but not necessarily concurrently (DSM-IV). While GTS was tic-free during the week before testing, this simply reflects the nature of the disorder, and on his last visit to clinic his Yale global tic score was 33.
effect differs for the TS and control groups (p < 0.01). While the number of errors made by the TS group did not differ from that of controls on nonswitch (repetition) trials, they made significantly fewer errors than controls on switch trials (p < 0.05). These effects are illustrated in Figure 2A . These effects were also confirmed by nonparametric statistical analysis (switch: Mann-Whitney U = 19.5, p < 0.005; nonswitch: Mann-Whitney U = 216.5, p = 0.79). Mean of median RT data for TS and control groups are presented in Figure 2B . The effects observed for RT is similar to that seen for errors. Most importantly, an examination of the RT data confirms that the significant increase in accuracy on switch trials shown by the TS group (Figure 2A) is not the result of a speed-accuracy trade off. In fact, analysis of the RT data demonstrate that the TS group actually exhibits faster RTs than the control group at the short (200 ms) cue-target interval and perform equivalently to controls at the longer (1000 ms) cue-target interval. It should be noted that there were no higher level interactions involving the factor group.
To investigate whether the above effects might be due to switching saccade direction independently of switching task (i.e., pro-versus antisaccade), we examined performance on two separate blocks of trials in which participants executed either only prosaccades or only antisaccades. Note that in these trials there is no tasklevel switching (i.e., between making prosaccades and antisaccades). We compared saccade-repetition trials, i.e., pairs of successive trials in which the participants made the same saccade (left-left [LL] or right-right [RR]), against saccade-alternation trials in which subjects switch saccade direction (i.e., LR or RL). Statistical analyses of RT data by ANOVA (group 3 saccade direction) confirm that while there was a significant main effect of saccade direction (p < 0.05), there was no significant task 3 group interaction effect (p = 0.86). This finding confirms that the magnitude of this effect is equivalent for the TS patients and controls. An identical analysis was carried out on the error data. The group 3 saccade direction ANOVA again confirmed that while there was a large and statistically significant main effect of saccade direction (p < 0.001), there was no statistically significant group 3 saccade direction interaction effect (p = 0.5).
It has been suggested previously that TS sufferers are impaired in the inhibitory or cognitive control of action [1] . By using a oculomotor task that demands high levels of cognitive control and the active inhibition of prepotent responses (i.e., automatic prosaccade on an antisaccade trial), we show that TS individuals are not impaired at cognitive control, but in fact, paradoxically, make significantly fewer erroneous responses than their agematch and neurologically normal controls. Thus, TS individuals performed more accurately and faster than agematched control in conditions where cognitive demands were maximal (i.e., on task-switch trials and at short cuetarget interval where advance preparation is minimized). These differences may reflect a compensatory change in which the chronic suppression of tics results in a generalized suppression of reflexive behavior in favor of increased cognitive control. This suggestion is consistent with recent evidence demonstrating that adults with TS recruit a more comprehensive network of frontal and medial-frontal areas when successfully suppressing tics or inhibiting responses during a Go No-Go task [14] . It is also consistent with the suggestion that the occurrence of vocal and motor tics does not result from a failure in inhibitory control at a cognitive level, but instead reflects a deficit in subcortical control mechanisms [15] . and control (red bars) groups. TS and controls each show a clear benefit of advanced information and longer preparation time, as both groups produce significantly fewer errors at longer (1000 ms) cue-target intervals than at short (200 ms) intervals (F 1,22 = 27.0, p < 0.001). Both groups also make significantly more errors on switch trials compared to repeat trials (F 1,22 = 22.3, p < 0.001). However, this effect differs for the TS and control groups (group 3 trial type interaction, F 1,22 = 9.4, p < 0.01). Post-hoc comparisons confirmed that although the TS group did not differ from controls on repetition trials, they made significantly fewer errors than controls on switch trials (F 1,44 = 5.1, p < 0.05). Error bars represent standard errors. (B) Mean of median response times (RTs) for TS and control groups. An examination of these data confirms that the increase in accuracy shown by the TS group (A) is not the result of a speed-accuracy trade-off. In fact, the statistical analyses of the RT data demonstrate a significant interaction of cue-target interval (CTI) and group (F 1,2 = 5.8, p < 0.05). This interaction effect is explained by the TS group exhibiting faster RTs than the control group at the short (200 ms) cue-target interval but perform equivalently to controls at the longer (1000 ms) CTI.
Enhanced cognitive control has also been reported in children who are bilingual from infancy on executive tasks requiring inhibitory processes. It has been proposed that the need to suppress one language, while switching to another, leads to better control of a common inhibitory mechanism that is involved in language and nonlanguage-based tasks [16] . We suggest that the chronic requirement to suppress tics in TS individuals may result in more efficient inhibitory control, a skill that is advantageous when switching between tasks.
